Functions of the retina, measured by electroretinogram and visual evoked potentials, may mature earlier when infants are fed a nutritional regime containing 20:4n-6 and 22:6n-3 (1-4). Deficiency of 18:3n-3 is associated with loss of visual function (5) (6) (7) . These functional changes in the retina are believed to be caused in some way by change occurring in the fatty acid constituents of phospholipids in the retinal system associated with visual function. Increased dietary intake of n-3 fatty acids increases the n-3 fatty acid content of the ROS (8, 9) . The subcellular localization and mechanisms linking change in structural components of the retina to specific functional changes are not known. It is reasonable to speculate that the mechanisms involve the photoreceptor cell and perhaps rhodopsin.
Development of the visual system follows a sequence of events involving synthesis of complex lipids to provide basic membrane structural components (10) . Retina membrane phospholipids, particularly PE, contain high levels of 22:6n-3 (11, 12) . Significant amounts of PS and PC also occur in the ROS of the retina (8) . These two phospholipids contain VLCFA from C24-C34 carbons in chain length of both n-6 and n-3 type (8, 13) in addition to DHA. The biologic function and role of these very-long-chain components is not known.
Exposure to light stimulates turnover and recycling of membrane components in the ROS of the retina (14, 15) . The ROS is the major photon-capturing device that consists of a stack of disk-shaped double membrane lipid bilayers where rhodopsin is densely packaged as intrinsic transmembrane proteins. Delipidated rhodopsin is not able to regenerate rhodopsin, but the regeneration is restored by addition of phospholipids (16) . Rats fed an n-3 fatty acid diet exhibit lower rhodopsin regeneration than when fed a soybean oil (17) , suggesting that rhodopsin function requires specific lipid components. During development, the ROS undergoes a transition in the composition of membrane phospholipids (18) . These compositional changes may occur in concert with transitions in functions involving rhodopsin and the response of rhodopsin to light exposure.
Thus, the present study was designed to examine the developmental change that occurs in the fatty acid composition of the ROS after feeding diet fats that reflect the fatty acid composition of potential infant formulas. To achieve this objective, retinas were isolated from rats fed these diets for up to 6 wk of life. The effect of diet treatment and developmental age on the fatty acid content of individual phospholipids, rhodopsin content, and rhodopsin kinetics in response to exposure of ROS to light was also examined.
METHODS

Rats and Diets
Albino Sprague-Dawley rats were obtained for breeding from the University of Alberta vivarium. The condition of breeding and rearing pups has been described in detail previously (18) . The light intensity of the rearing animal room was 400 lux. Experimental diets were fed to dams after delivery of the rat pups. All litters were culled to 12 rats within 24 h after parturition. Pups were killed by decapitation in the dark at 2, 3, and 6 wk of age. This study was approved by the University of Alberta Animal Ethics Committee.
Five semipurified experimental diets containing 20% (wt/ wt) fat and varying in fat composition were fed (Table 1) (19) . Diet fats were formulated to reflect the fat composition of a conventional infant formula providing an 18:2n-6 to 18:3n-3 ratio of 7:1 (control fat blend; SMA, Wyeth Nutritionals International, Radnor, PA, U.S.A.). 22:6n-3 and 20:4n-6 were not present in this fat blend. Three experimental diets were prepared by addition of various triglycerides to provide AA and DHA in the basic control fat blend as follows: 1) control fat blend was modified to contain 1% (wt/wt) AA; 2) control fat blend was modified to contain 0.6% (wt/wt) DHA; 3) control fat blend was modified to contain both 1% (wt/wt) AA and 0.6% (wt/wt) DHA (Table 1) . Another diet was formulated to increase the level of 18:3n-3 to provide an 18:2n-6 to 18:3n-3 ratio of 4:1. The AA and DHA triglycerides used were obtained from single cell oils (Martek Biosciences, Columbia, MD, U.S.A.).
Isolation of Retina and ROS
All procedures were performed at 4°C under dim red light. Retinas were isolated (20) from rats that were dark-adapted overnight. Twelve retinas from one litter were pooled for separation of the ROS by discontinuous sucrose gradient centrifugation (21) . Sample purification of ROS was evaluated as described previously (8) .
Lipid Analysis
Lipids from ROS were extracted and partitioned according to the procedure of Folch et al. (22) . All organic solvent used contained 1 ppm ethoxyquin. Phospholipid classes were separated as described before (8) , and fatty acid methyl esters were prepared with 14% (wt/wt) BF 3 -methanol (23) .
Analysis of Fatty Acid Methyl Esters
Fatty acid methyl esters were separated on a polar BPX70 column (25 m ϫ 0.22 mm ID) using a Hewlett Packard 5890 ⌺SAT, total saturated fatty acids; ⌺Mono, total monounsaturated fatty acids; ⌺n-6, total n-6 fatty acids; ⌺n-3, total n-3 fatty acids. Both C24:0 and C24:1 exist Ͻ 0.18% (wt/wt) in each diet.
525
GLC equipped with a Vista DS 654 data system, as described earlier (8) . Data were expressed as a percentage of the area count for an individual fatty acid relative to all fatty acids combined with no response factor correction.
Rhodopsin Measurement
Rhodopsin content and kinetics from retinas of each dietary group were determined in 2-, 3-, and 6-wk-old rats. Rats were dark-adapted overnight for 12 to 14 h before removing the retina. Care was given to carry out all procedures in complete darkness or in dim red light. After isolation, retinas were immediately frozen in liquid nitrogen and stored at Ϫ70°C until analysis. Rhodopsin was extracted from retinal homogenate by addition of 0.45 mL of 1% (wt/vol) n-octyl-〉-Dglucopyranoside in 0.067 M phosphate buffer (pH 6.7) as described by Fulton et al. (24) . An aliquot of the homogenate was taken for protein analysis (25) . Each extract was scanned from 270 to 700 nm using a Hewlett Packard 8452A diodearray spectrophotometer in the complete darkness and then scanned at 5, 10, 15, 30, 60, 120, 180, 240, and 360 s during bleaching with a cool white fluorescent light (26) with the intensity of 1000 lux (14.4 Quantum, Em 2 s Ϫ1 ) at a distance of 30 cm from the cuvette. Rhodopsin level was calculated by the change in absorption at 498 nm before and after bleaching for 360 s. A molar extinction coefficient of 40,000 (27) was used for conversion of the measured OD to concentration. The measurement at each time point was used to calculate the kinetics of rhodopsin bleaching.
Statistical Analysis
The effect of diet and age on the fatty acid composition of phospholipid in the ROS and on the rhodopsin content of the retina was analyzed by 2-way ANOVA with diet and age as the main factors. The test of the main factors was based on the comparison by least square means. The analysis tool was SAS statistical software (28) . All data are expressed as mean Ϯ SEM.
RESULTS
All pups grew normally in body weight during the experiment. By 6 wk of age, rats from all diet treatments had similar body weights except for rats fed an LA/LNA ratio of 4:1. These rats showed a significantly lower body weight.
Effect of Dietary Fat on Fatty Acid Composition of ROS
Dietary fat significantly altered the fatty acid composition of the major phospholipids of dark-adapted ROS of 2-, 3-, and 6-wk-old rats. In all phospholipids, total saturated and monounsaturated fatty acid content was maximal at 2 wk and then decreased by time of weaning (data not shown). By 6 wk of age, total saturated fatty acid content increased from weaning but not to the level observed for 2-wk-old rats. Total monounsaturated fatty acid decreased further (data not shown). The results illustrated focus on the level of 20:4n-6, 22:6n-3 and n-6 and n-3 VLCFA (Tables 2 and 3 ). Values are group mean (n ϭ 5 or 6) Ϯ SEM. For each n, 12 retinas were pooled. Significant effects were identified by 2-way ANOVA for age and diet. Values within a row having a different superscript indicate that diet group within each age is different by comparison of least squares means, p Ͻ 0.01. Each experimental diet group was compared with the control diet group for each age. 
Effect of Dietary Fatty Acids on Membrane Phospholipids
PC. Supplying small amounts of 20:4n-6 in the diet increased the level of 20:4n-6 (Table 2 ) at 3 and 6 wk of age. At these ages, inclusion of 22:6n-3 in the diet increased the level of 22:6n-3. The diet containing an LA/LNA ratio of 4:1 showed a comparable level of 22:6n-3 to the diet providing DHA and AA ϩ DHA at the 3-wk stage. However, 22:6n-3 in the LA/LNA diet group did not increase to the level observed at 6 wk of age when animals were fed the DHA and AA ϩ DHA diets. During the experiment period, the accretion of 22:6n-3 increased 2.6-fold between 2 and 3 wk of age and further increased by 6 wk. The level of 20:4n-6 decreased between weaning and 6 wk in all diet groups. PE. A greater level of 22:6n-3 in PE was observed at 2 and 6 wk of age after feeding a mixture of AA ϩ DHA in the diet (Table 2 ) compared with control animals fed the diet. Providing DHA in the diet increased the content of 22:6n-3 at 3 and 6 wk of age and decreased 20:4n-6 at 3 wk of age when compared with rats from the other diet treatments. The ROS from rats fed the control or the AA diet contained the lowest level of 22:6n-3. Continuous decrease in 20:4n-6 content was observed from 2 to 6 wk of age. The overall decrease in 20:4n-6 for rats in all diet groups from preweaning to weaning was 40.5%. During this period, the level of 22:6n-3 increased 1.6-fold.
PS. The 22:6n-3 content of PS was more than 50 to 60% (wt/wt) ( Table 2) , the highest among all phospholipids in the ROS. Higher content of 22:6n-3 at 3 wk of age was found when DHA was provided in the diet compared with animals fed the control diet. The characteristic changes exhibited in 20:4n-6 and 22:6n-3 over the experimental period were similar to those occurring in PE. Decrease in the level of 20:4n-6 from 2 to 3 wk was 47.7%. The 22:6n-3 level increased during this period.
VLCFA. In the ROS, VLCFA of n-6 and n-3 homologues with a carbon chain length of up to C36 exist exclusively in PC. Predominant among these fatty acids were n-6 tetraenoic and n-3 pentaenoic and hexaenoic fatty acid of C32 and C34 carbons in chain length. The level of n-6 pentaenoic VLCFA was minor. These observations characterize all ages examined. Levels of these VLCFA at 6 wk of age were significantly affected by the dietary fatty acid supplied (Table 3) . Providing rats with AA or AA ϩ DHA in the diet resulted in increased levels of 32:4n-6 and 34:4n-6 compared with animals fed the DHA diet. The level of 32:5n-6 was higher after feeding the AA diet. Supplying AA in the diet increased total n-6 VLCFA compared with animals fed the control diet. This pattern was also recognized at 2 and 3 wk of age (data not shown). Conversely, inclusion of DHA or AA ϩ DHA in the diet increased the n-3 pentaenoic and hexaenoic fatty acid of C32 and C34 carbons in chain length compared with animals fed the control diet. Animals fed the control diet or the AA diet exhibited the lowest level of n-3 VLCFA by 6 wk of age. Feeding an LA/LNA ratio of 4:1 in the diet resulted in a lower level of n-6 tetraenoic and pentaenoic VLCFA compared with animals fed the AA diet. Raising 18:3n-3 from an LA/LNA ratio of 7:1 to 4:1 in the diet does not increase the level of 22:6n-3, 32:5n-3, and 32:6n-3 present in growing visual cells by 6 wk of age.
Changes in LCFA and VLCFA Content of the ROS with Developmental Age
Accretion of both total n-6 tetraenoic and n-3 pentaenoic and VLCFA more than doubled in PC between 2 and 3 wk of age and then increased further by 6 wk of age (Fig. 1 ). During these periods, feeding AA in the diet increased the level of total n-6 tetraenoic VLCFA in the ROS compared with feeding DHA or feeding the diet providing an LA/LNA ratio of 4:1. Providing rats with DHA in the diet increased total n-3 pentaenoic and hexaenoic VLCFA in the ROS at all ages examined. Total n-6 pentaenoic VLCFA decreased in the ROS from weaning to 6 wk of age.
Developmental change in the level of 22:6n-3 to 20:4n-6 and n-3/n-6 VLCFA was also examined in the ROS phospholipids. During development, the ratio of 22:6n-3 to 20:4n-6 increased Table 3 Values are group mean (n ϭ 6) Ϯ SEM. For each n, 12 retinas were pooled. P values are obtained from 2-way ANOVA for age and diet. Significant effects of age were identified for the above fatty acids except 34:5n-6 ( p Ͻ 0.005). Significant interactions were found in all n-3 VLCFA in above. Values within a row having a different superscript are different by comparison of least squares means at the level of p Ͻ 0.01 except 32:4n-6, 34:4n-6, and ⌺n-6 VLCFA at p Ͻ 0.05. Each experimental diet group was compared with the control diet group for each age. ⌺n-6 VLCFA, total n-6 VLCFA; ⌺n-3 VLCFA, total n-3 VLCFA. Values of 2 and 3 wk are not listed in this table.
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EFFECT OF DIETARY FAT ON PHOTORECEPTOR CELL FUNCTION
in PC, PE (Fig. 2) , and PS (data not shown). The highest ratio of 22:6n-3 to 20:4n-6 was found in rats fed the diet containing DHA. The ratio of n-3 VLCFA to n-6 VLCFA also increased with age in PC and PS. Inclusion of a small amount of DHA in the diet resulted in the highest ratio of n-3 VLCFA to n-6 VLCFA in PC and PS, whereas the lowest ratio was observed in the ROS of rats fed the diet containing AA.
Effect of Dietary Fatty Acids on the Rhodopsin Content of the ROS
The rhodopsin content in the retina increased with age when expressed as nmol/mg protein (Fig. 3) . For example, the retina from rats fed a diet containing AA ϩ DHA was 1.6 times higher in rhodopsin content at weaning (0.70 Ϯ 0.08 nmol/mg protein) than before weaning (0.45 Ϯ 0.01 nmol/mg protein). Rhodopsin content increased to 1.02 Ϯ 0.03 nmol/mg protein by 6 wk of age. The highest rhodopsin content occurred in the retina of rats fed diets containing a small amount of AA and/or DHA at 6 wk of age. Providing animals with LA/LNA ϭ 4:1 also increased rhodopsin content compared with the animals fed the control diet. Compared with the rhodopsin content in the rats fed the control considered as 1, the highest relative content of rhodopsin was exhibited by rats fed the fat mixture containing AA ϩ DHA at 2, 3, and 6 wk of age. Providing rats with DHA in the diet also produced higher rhodopsin content at 2 and 6 wk of age. Although no significant difference was found, diet providing an LA/LNA ratio of 4:1 exhibited the lowest relative rhodopsin content at 2 and 6 wk of age (0.99 and 1.23, respectively) compared with the other experimental diets.
Effect of Dietary Fat on Rhodopsin Kinetics
The effect of dietary fat treatment on the kinetics of rhodopsin disappearance at 6 wk of age was significant (p Ͻ 0.05). Rhodopsin disappearance after bleaching is illustrated for each diet group (Fig. 4) . The rate constant (k) of rhodopsin disappearance was represented by the slope determined (Fig. 4) . The kinetics of rhodopsin bleaching after light exposure was the greatest in rats fed a small quantity of DHA (k, 0.0030), followed by rats fed the diet providing an LA/LNA ratio of 4:1 (k, 0.0028). During bleaching for 360 s, rhodopsin disappeared in a short time (p Ͻ 0.05; half-life, 38.5 Ϯ 1.4 b s) from rats fed the diet containing DHA compared with the rate of disappear- Figure 2 . Ratio of 22:6n-3 to 20:4n-6 and n-3 to n-6 VLCFA in phospholipids of ROS of rat retina after supplying 20:4n-6 and 22:6n-3 in diet at 2, 3, and 6 wk of age. Values given are mean (n ϭ 5 or 6) Ϯ SEM. For each n, 12 retinas were pooled. Values without a common letter within each age are significantly different, p Ͻ 0.05. Significant effects were identified by 2-way ANOVA for age (p Ͻ 0.0001) and diet (p Ͻ 0.0001) in each ratio. DHA/AA indicates the ratio of DHA to AA; PC: n-3/n-6 VLCFA, the ratio of total n-3 to total n-6 VLCFA (C24-C36); PS: n-3/n-6 VLCFA, the ratio of total n-3 to total n-6 VLCFA (C24-C26). -ࡗ-indicates control; -Ⅺ-, AA; -OE-, DHA; -E-, AA ϩ DHA; -Ⅺ-, LA/LNA ϭ 4:1. 
DISCUSSION
Relationship between Dietary Fat and LCFA Composition
Correlation between DHA intake and visual function has been well documented (7, 29) . Studies in animal models have used extremely unbalanced n-6 to n-3 fatty acid ratios ranging from 32 to 255 to 1. The present study demonstrates that small changes in dietary level of AA and/or DHA within the physiologic intake range (30) are important determinants of visual cell membrane fatty acid composition during development of the retina. Diet-induced alterations of membrane fatty acid composition have significant implications for early retinal development in relation to the function of rhodopsin. Fatty acids consumed by the neonate are associated with change in visual cell maturation and visual function (1, (31) (32) (33) . It is important to note that functional loss occurring during development may not be restored in later life even when the deficient fat component is restored (34) .
In the present study, supplying a diet containing both AA and DHA increased levels of both 20:4n-6 and 22:6n-3 in phospholipid of growing visual cells, comparable in ROS to that of rats fed a diet containing DHA or AA alone. Addition of AA to a diet containing DHA did not apparently compete with the other for acylation into membrane phospholipid. This may be partly explained by the fact that these two fatty acids are typical components of dipolyunsaturated molecular species of phospholipids of photoreceptor membrane (35, 36) , which account for approximately 30% of the total lipid content. A physiologic level of intake of DHA increased 22:6n-3, which caused a reduction in level of 20:4n-6 in but not in the level of 20:4n-6 in PE and PS.
Retina possesses the enzymatic system to elongate and desaturate 18:3n-3 to 22:6n-3 (37). It appears that feeding preformed DHA or AA better supports the increase in 20:4n-6 and 22:6n-3 level in the growing retina compared with feeding LNA without AA ϩ DHA. It has been reported that 22:6n-3 is the preferred fatty acid for raising the level of 22:6n-3 in the retina (38, 39) . When animals are deficient in LNA, supplementing with a source of LNA will increase the level of 22:6n-3 compared with the deficient group (6, 17, 40) .
Developmental change in the fatty acid composition of the retina is a dynamic process during the period of rapid visual cell growth. Levels of polyunsaturated fatty acids in the retina seem to parallel those of liver and plasma (41) . From 2 to 6 wk of the experimental period, there was an increase in the level of 22:6n-3 as a function of age. This experiment provides evidence that the photoreceptor membrane fatty acid composition shifts from a saturated to a more unsaturated fatty acid environment. This shift during maturation of visual cells is likely related to the change that occurs in the functional development of the retina.
Relationship between Dietary Fatty Acids and VLCFA Composition
This experiment provides evidence for a response of VL-CFA to diet treatment during development of the photoreceptor. In animals fed the AA ϩ DHA diet, the level of total n-6 and n-3 VLCFA was 2.4% at 2 wk, 6% at 3 wk, and 7.3% at 6 wk.
These data are similar to those previously reported for neonatal rat and human fetal brain at 24 wk of gestation in that n-6 pentaenoic VLCFA predominate and that no n-6 VLCFA are present beyond the neonatal period (42, 43) . The n-6 with the increased ratio of 22:6n-3 is characterized by a transition in the photoreceptor cell fatty acid composition toward higher n-3 fatty acid content.
Relationship between Dietary Fatty Acids and Rhodopsin
To evaluate the relationship between dietary fatty acids and retinal function, rhodopsin content and rhodopsin disappearance kinetics were evaluated after light exposure. The value for rhodopsin at 6 wk of age lies within the range of values for whole eye rhodopsin level reported in the literature for similar body weights (44) . The level of rhodopsin at 9 wk of age is between 1.5 and 1.7 nmol/mg protein (submitted for publication), implying that the retinas used in this experiment are still developing. An increasing level of rhodopsin was reported up to 24 wk of age (17) . The developmental increase in rhodopsin is also associated with increasing levels of 22:6n-3 and VL-CFA. The highest relative content of rhodopsin is exhibited by rats fed AA ϩ DHA at 2, 3, and 6 wk of age compared with
